overcome by laser ablation of the kinetochore, the structure that mediates chromosome-microtubule attachment (Rieder et al., 1995 
Introduction some segregation. It is not yet known why spindle checkpoint genes are dispensable in budding and fisDuring mitosis, chromosomes are segregated with high sion yeast but essential in worms and flies. One imporfidelity. In S. cerevisiae, for example, the frequency of tant difference between yeast and metazoans is that chromosome nondisjunction is only about 1 ϫ 10 Ϫ5 per only the later undergo apoptosis, an event that can be cell division (Hartwell et al., 1982) . This remarkable fidelinduced by chromosome damage (Woods et al., 1995; ity depends both on the intrinsic accuracy of the segreJordan et al., 1996). The expression of a dominant-negagation machinery and on the operation of the spindle tive fragment of BUB1 in human cells reduces nocodaassembly checkpoint. The spindle checkpoint is a highly zole-dependent apoptosis (Taylor and McKeon, 1997) , conserved signal transduction pathway that links the arguing that there is a specific connection between the initiation of anaphase to spindle assembly and the comspindle checkpoint and programmed cell death. One possibility is that apoptosis is triggered after a cell has pletion of chromosome-microtubule attachment (Hoyt experienced a prolonged mitotic arrest, thereby reducet al., 1991; Li and Murray, 1991; Li and Benezra, 1996;  ing the chance that the cell can escape the checkpoint Taylor Figure 1A ). Although Mad2a-c have the potential However, alternative pathways have also been proposed (Chan et al., 1999; Hardwick et al., 2000) .
to encode full-length Mad2 (Mad2d lacks an initiating methionine), only Mad2a contains introns within the puTo explore the function of the spindle assembly checkpoint in chromosome segregation, apoptosis, and tative coding region. Two experiments were performed to test the idea that Mad2a is the only functional gene: genomic stability in mammalian cells, we have undertaken a genetic analysis of the murine Mad2 checkpoint (1) a murine embryonic cDNA library was probed with DNA sequences conserved among Mad2a-c, and (2) gene. We find that Mad2 is essential and that Mad2 Ϫ/Ϫ embryos die in utero about 6.5-7.5 days after concep-RT-PCR was performed on RNA from adult tissues. Sequencing of the Mad2-encoding cDNAs and RT-genertion (E6.5-E7.5). However, homozygous knockout embryos appear normal both in utero and in culture until ated products showed that all Mad2 mRNA was derived (Figure 3 ). using either of the two founder lines (Table 1) and undergo repeated rounds of S phase, generating a either the male or the female, yielded 50% Mad2 ϩ/Ϫ offspring (data not shown). Three measures of the frepolyploid nucleus and a large cytoplasm (Rugh, 1990) . We hypothesize that the survival of Mad2 Ϫ/Ϫ trophoblast quency of Mad2 Ϫ/Ϫ embryos among the progeny of Mad2 ϩ/Ϫ intercrosses (Table 1) imply that 30%-50% of giant cells reflects a requirement for Mad2 specifically during mitosis.
Mad2 null embryos die before implantation. We conclude that loss of Mad2 causes some embryos to die prior to implantation (see Discussion), and the majority Apoptosis in Mad2 Null Embryos to undergo apoptotic death at about E6.5-E7.5. When the gross morphologies of hematoxylin and eosin (H & E) stained embryos from Mad2 ϩ/Ϫ intercrosses were compared, no clear differences were seen at E5.5. By Mad2 Is Required for Mitotic Arrest in Response to Spindle Disruption E6.5-E7.5, presumptive Mad2 Ϫ/Ϫ embryos were considerably smaller than control littermates and were very Is Mad2 required for the mitotic checkpoint in mice as it is in yeast? The observation that Mad2 null blastocysts disorganized (Figure 4 and Table 1 ). To investigate the cause of death in Mad2 Ϫ/Ϫ embryos, we performed grow normally in culture until E5.5 makes it possible to investigate this critical question. We treated cultured TUNEL on embryonic tissue sections. Embryos from wt animals appeared normal, with only a few apoptotic cells E5.5 embryos from heterozygous intercrosses with 2.5 M nocodazole for 6 hr to disrupt spindle microtubules, near the center of the embryo (Figure 4 and Table 1 ). About one-quarter of the embryos arising from heterozydisaggregated the embryos with trypsin, and then fixed cells onto coverslips for DAPI staining (Figures 5A-5D ). gous intercrosses exhibited a high incidence of TUNEL staining (Figure 4 and Table 1 ). Not all embryos from
The mitotic index of each embryo was determined by counting the fraction of cells with condensed chromoMad2 ϩ/Ϫ intercrosses could be genotyped (see Figure  4 legend for details), but those Mad2 Ϫ/Ϫ embryos whose somes. A portion of the cells from each disaggregated embryo was reserved for genotyping by PCR. Whereas genotypes could be determined had an abnormal gross morphology and were TUNEL positive. We conclude approximately 25% of the cells from Mad2 ϩ/ϩ and Mad2 ϩ/Ϫ embryos contained condensed chromosomes, from these data that Mad2 null embryos undergo programmed cell death at E6.5-E7.5. only 2% of the cells from Mad2 Ϫ/Ϫ embryos were mitotic after nocodazole treatment. Thus, cells from Mad2 null Despite the apparent restriction of the Mad2 null phenotype to E6.5 and later, nullizygous embryos were embryos do not arrest in mitosis in response to spindle disruption. recovered from heterozygous intercrosses at less than the Mendelian frequency of 25%. It seems unlikely that A potential caveat to the spindle depolymerization experiment is that Mad2 null cells may fail to accumulate this is due to defects in gamete production, because Mad2 ϩ/Ϫ ϫ wt crosses, in which the Mad2 ϩ/Ϫ parent was in mitosis simply because they are not actively cycling 
cells survive, arguing that Mad2 is required selectively in cells undergoing mitosis. Even though mutant embryos contain a high proportion of cells with lagging chromosomes, it is important
Although we have found that Mad2 Ϫ/Ϫ animals derived from either of two independent lines are inviable, a numto note that at least until E6.5, mitotic spindles still assemble and the bulk of the DNA is evenly divided beber of animal studies remain to be done. One issue requiring further investigation is that fewer Mad2 Ϫ/Ϫ emtween daughter cells (Figures 6E and 6F) . We have observed no difference between the spindles of wt and bryos are recoverable, even at the earliest times after conception, than one would expect. It is possible that Mad2 null cells, nor have we observed cells with obviously subgenomic complements of DNA, in contrast to this reflects some probability of catastrophic chromosome missegregation prior to E3. Technical difficulties prevent us from scoring chromosome missegregation prior to E5.5 but there is no evidence that early Mad2 Ϫ/Ϫ embryos have reduced rates of growth or altered S phase and mitotic indexes. Thus, the rate of chromosome missegregation appears to rise dramatically at E6.5. Why does missegregation only become apparent this late in development? One possibility is that in mice, as in Xenopus, the checkpoint does not function (and is not required) in the very early embryonic cell cycles (Chen et al., 1996) . A second possibility is that maternal transcripts provide sufficient Mad2 for early divisions but that the maternal store is eventually exhausted. However, several studies have shown that the vast majority of RNA in E3.5 and later embryos arises from zygotic transcription and that maternal mRNAs are largely gone ( findings in this paper, it may be necessary for cells to PCR Genotyping
